Introduction: Bacterial infection is a major cause of periapical periodontitis. Eradication
Introduction
Microbial biofilms are etiologic agents of persistent infectious disease.
Microorganisms in biofilms possess a different phenotype to that of planktonic cells.
Enhancement and inhibition have both been observed among bacterial species during the process of biofilm formation (7, 12) . After biofilm formation, microorganisms are resistant not only to host defense mechanisms such as phagocytosis but also to antimicrobial agents.
Quorum sensing plays a role in phenotypic change in certain bacteria through its control of bacterial gene expression via auto-inducers (AI) in biofilm (30) .
Periapical periodontitis occurs as a sequel to pulpal infection or infection of periapical tissue arising from marginal periodontitis (17) . The immune response results in local inflammation and destruction of the surrounding tissue of the infected apical foramen (18) .
The infected apical 5 mm of a root canal is dominated by a mixed bacterial flora in which obligate anaerobes are predominant (1) . Bacteria in an infected periapical region can survive by utilizing serum-like fluid transudate from periapical tissue and necrotic pulp (4) forming biofilms on the surface of the tooth in areas where periapical lesions have occurred.
Biofilms have been reported to form in periapical lesions such as those on the external surface of the root apex (13, 20) , and apical biofilms are clinically important in periapical periodontitis. Such microbial biofilms are inherently resistant to antimicrobial agents and difficult to remove by mechanical means alone resulting in persistent infection.
Recently, pathogens of marginal periodontitis were isolated from necrotic pulp and apical periodontitis (22) Multiple species, including periodontopathic bacteria such as Fusobacterium nucleatum and Porphyromonas gingivalis have been detected in biofilms associated with periapical periodontitis lesions (19) . Therefore, it is important to clarify the nature of interbacterial communication among these biofilm-forming bacteria.
The role of intercellular signaling molecules such as AI-2 in biofilm formation resulting in periapical periodontitis lesions remains to be clarified. In this stud y, we investigated synergistic effects in the process of biofilm formation and communication among bacteria , focusing particularly on F. nucleatum and P. gingivalis.
Materials and methods

Culture conditions and bacterial strains
All procedures used in this study were approved by the Review Board of the Tokyo Dental College Ethical Committee. Written informed consent was obtained from each subject before sample collection. Twenty clinical strains isolated aseptically from apical periodontitis lesions in 23 patients were used in this study. The apices of the teeth were aseptically isolated during apicoectomy. Root apices were placed in reduced transport media (25) containing glass beads, and microorganisms on the surface of the teeth were dispersed with a vortex mixer for 30 min. The microorganisms were then serially diluted from 10 -1 to 10 -5 and inoculated onto Tryptic soy agar (Becton Dickinson Microbio logy System, Cockeysville, MD) containing 5 µ g/ml hemin, 0.5 µ g/ml menadione and 10%
horse blood (blood agar plate). The isolated strains were identified by 16S rDNA sequencing using the Full Gene 16S rDNA Bacterial Identification Kit (Applied Biosystems, Foster City, CA). These strains were maintained on blood agar plates.
Evaluation of biofilm-forming ability
Biofilm formation on the root canal apex or on periodontal tissues is affected by the ability of the bacteria to adhere to surface-located type-I collagen. Biofilm-forming activities of a total of 20 isolated strains were quantified according to the method of Takahashi The CV remaining in the biofilm was solubilized and extracted with 200 µl of 99% ethanol.
Biofilm mass was evaluated at an optical density of 595 nm using a microplate reader (BIO-RAD, Herucules, CA).
Evaluation of synergistic effects in multi-species biofilms
Biofilm formation by coculture of F. nucleatum TDC100 with partner strains was also evaluated. P. gingivalis ATCC33277, FDC381 and two Gram-positive strains (Streptococcus sanguinis TDC15, Staphylococcus epidermidis TDC78) were used as partner strains. To evaluate the effect of AI-2 on biofilm formation, a P. gingivalis luxS-deficient mutant, CW221 (32), constructed from P. gingivalis FDC381 strain was used.
Each microorganism was inoculated into TSB and precultured over-night anaerobically.
Bacterial cells from 300 µl precultured F. nucleatum TDC100 and 300 µl precultured partner strain were inoculated into a collagen type -coated 12-well flat-bottom microplate (IWAKI, Funabasi, Japan) containing 1200 µl of the same medium and cultured anaerobically at 37 o C for 2 days. In the case of F. nucleatum alone, 600 µl precultured F.
nucleatum was inoculated. Biofilm mass was measured as described above.
To investigate the induction of signaling between species by diffusible bacterial mediators, a two-compartment separated culture system was used according to the method of Yoshida et al. (32) . Five hundred µ l TSB was placed in each well of a type-I collagencoated polystyrene 12-well plate (IWAKI), which was then designated the lower well. Two hundred fifty µl overnight culture of each strain was then inoculated into each lower well.
An insert (Transwell, Corning, Corning, NY) was then placed in each well, and designated the upper well. Next, 500 µ l TSB was placed in each upper well. Finally, 250 µl overnight culture partner strain was inoculated into each upper well. The organisms were cocultured physically separated by a porous membrane (pore size, 0.4 µm; Falcon cell culture insert;
BD Labware, Lincoln Park, N.J.). After incubation at 37 o C for 2 days, the inner-well insert was removed and biofilm mass in the lower well was measured as described above.
Biofilm formation by the species in the two-compartment system was quantitated according 
Effects of AI-2 on biofilm formation
F. nucleatum TDC100 and P. gingivalis FDC381 or CW221, which lacks luxS (32),
were cocultured, and biofilm formation was evaluated as described above. F. nucleatum TDC 100 was inoculated into the lower compartment and P. gingivalis FDC381 or CW221
were inoculated into the upper compartments and incubated as described above. After incubation, the mass of biofilm formed by F. nucleatum was assayed as described above.
Statistical analysis
Two-group comparisons were performed using the student t-test. In comparing data from more than three groups, evaluation was carried out using an analysis of variance and the Newman-Keuls multiple-comparison test.
Results
Biofilm-forming activity assay
The biofilm-forming activities of 20 strains from among 74 isolates are shown in Table 1 . Among these species, F. nucleatum and P. acnes were frequently isolated together with other species. These microorganisms showed strong adherence to type-I collagen. As F. nucleatum TDC100 showed the strongest adherence activity, further investigation of the effects of other members of apical periodontal lesions on F. nucleatum biofilm formation was performed using mainly this.strain.
Synergistic effect on biofilm formation by coculture
The effects of coculture on F. nucleatum biofilm formation are summarized in Fig 1. Biofilm formation by coculture with S. epidermidis TDC78, P. gingivalis FDC 381 and ATCC33277 was 1.8, 3.1 and 2.8 times greater (p<0.001), respectively, than that by F.
nucleatum TDC100 alone. Similar enhancement was also observed in F. nucleatum TDC 845. However, coculture with S. sanguinis TDC15 resulted in almost the same level of biofilm formation as that by F. nucleatum TDC100 alone (data not shown).
Evaluation of involvement of intercellular signaling molecules on biofilm formation
Effects of complementation by P. gingivalis strains on the enhancement of biofilm formation of microorganisms isolated from periapical periodontitis lesions were evaluated by a two-compartment system. P. gingivalis ATCC33277 enhanced biofilm formation by
Veillonella atypica TDC 96, C. recuts and F. nucleatum TDC100 ( Table 2 ). The The effects of coculture with other species on enhancement of biofilm formation by F.
nucleatum TDC100 using the two-compartment system are shown in Table 3 . When each strain was inoculated into the upper well and F. nucleatum TDC100 was inoculated into the lower well, all strains in Table 3 , except S. sanguinis TDC15, significantly enhanced formation of F. nucleatum TDC100 biofilms (p<.0.001), and the activity of P. gingivalis was statistically higher than that of S. epidermidis. This enhancement of biofilm formation was also detected with F. nucleatum TDC845 (Table 3) .
When F. nucleatum TDC100 was inoculated into the upper wells with each partner strain in the lower wells, biofilm formation by P. gingivalis ATCC33277 and FDC 381 was 1.5 and 1.6 times higher, respectively, than that of each strain alone, as shown in Table 3 .
On the other hand, coculture with S. sanguinis TDC15 yielded lower biofilm formation than that obtained with S. sanguinis TDC15 alone (data not shown).
Evaluation of effects of AI-2 on biofilm formation
To determine the effects of AI-2 from P. gingivalis on biofilm formation by F.
nucleatum TDC100, biofilm formation of F. nucleatum TDC100 at 24 h and 48 h was evaluated using P. gingivalis FDC381 or its luxS-deficient mutant CW221. As shown in Fig.   2 , enhancement of biofilm formation by coculture of F. nucleatum TDC100 with P.
gingivalis wild type or luxS mutant CW221 was higher than that by F. nucleatum TDC100, P. gingivalis FDC381 or CW221 alone (p<0.001). The results from the two-compartment system are shown in Fig. 3 . Enhancement of biofilm formation by F. nucleatum TDC100 with P. gingivalis FDC381 was only slightly higher than that with P. gingivalis CW221 when the partner strains were separated by membrane filters. However, this difference was statistically significant at 24 h (p<0.001).
Discussion
We have found that many bacterial species isolated from surgical materials obtained from patients with periapical periodontitis lesions formed biofilms on collagen-coated polystyrene plates. Most of these strains are frequently isolated from apica l periodontitis (19, 24) . Among them, biofilm-forming ability is strongest in F. nucleatum TDC100. F.
nucleatum is also frequently isolated from lesions of periapical periodontitis (24, 27) . In lesions of apical periodontitis, the surfaces of the dentin and periodontal tissue contain type-I collagen. The ability of F. nucleatum to bind to type-I collagen noted in the present study agrees with the prevalence of F. nucleatum in periapical lesions.
In the present study, we demonstrated the enhancement of biofilm formation by F.
nucleatum, V. atypica and S. epidermidis by P. gingivalis, and of F. nucleatum by S.
epidermidis. The se synergistic effects suggest that P. gingivalis enhances subsequent colonization and biofilm formation by F. nucleatum, C. rectus, S. epidermidis and V.
atypica. Yamada et al. (31) reported that P. gingivalis strongly enhanced biofilm formation by T. denticola in vitro. These species have often been isolated from abscesses in human dento -alveolar lesions (19, 23, 29) . In vitro stud ies have shown that F. nucleatum exhibited the ability to coaggregate with Gram-positive cocci such as S. sanguinis, Peptostreptococcus micros, as well as with P. gingivalis (8, 10, 11) . F. nucleatum initially adheres to early colonizers, including Gram-positive cocci, and enhances adherence of periodontopathic bacteria such as P. gingivalis and T. denticola in periodontal lesions (9) .
These reports suggest that F. nucleatum plays an important role in biofilm formation via its strong adherence activity. Noguchi et al. (19) detected F. nucleatum with Tannerella forsythia and P. gingivalis in extraradicular biofilms from clinical specimens. Taken together with the results of the present study, this suggests that such synergistic effects may play an important role in biofilm formation.
The synergistic effect between P. gingivalis and F. nucleatum was strongest among the species isolated from the periapical periodontitis lesions used in this study. A synergistic effect on pathogenicity between P. gingivalis and F. nucleatum was also reported using a murine model (3). However, the synergistic effect between these two microorganisms was reported only for growth support of P. gingivalis by F. nucleatum under oxygenated and carbon-dioxide-depleted environments (2) . The results of the present study showed that P. gingivalis enha nced growth of F. nucleatum, providing direct evidence of periodontal bacteria exerting a synergistic effect on biofilm formation by F.
nucleatum.
The slight reduction in biofilm formation by F. nucleatum TDC 100 with P.
gingivalis CW221 compared with the wild-type strain suggests that AI-2 is likely to be only marginally involved in the enhancement of biofilm formation. Autoinducers were reported to mediate changes in gene expression in microorganisms within biofilms (16) 
